The aim of this study was to overproduce, identify and apply novel laccase-like multicopper oxidases (LMCOs) from Myrothecium roridum in a dye removal process. LMCOs' production was enhanced by modifying the medium and adding copper ions. After purification, two proteins, LMCO1 and LMCO2, with molecular masses of 46.7 and 66.3 kDa were discovered. Peptide analysis by mass spectrometry revealed that they belong to the cupredoxin superfamily. Characteristic peptide sequences were obtained for MCOs and bilirubin oxidases. Crude enzymes were applied in a dye decolorization process. Supplementation with 1 mM of vanillin allowed an almost complete elimination of the Indigo carmine within 3 hours. The dye was removed from a solution containing metals, surfactants and organic solvents. The in-gel assessment of the activity and decolorization ability of MCOs, followed by protein extraction and SDS-PAGE, confirmed that only LMCO2 was responsible for the dye removal. MCOs produced by Myrothecium sp. have been poorly studied before. The obtained results broaden knowledge on this subject and may contribute to the development of an eco-friendly method of dye elimination.
INTRODUCTION
Multicopper oxidases (MCOs) belong to a family of proteins that catalyse a one-electron oxidation of substrate while simultaneously reducing molecular oxygen to water (Hoegger et al., 2006) . Laccases constitute the largest and probably the most researched subgroup within MCOs that oxidize a broad range of organic substrates (including phenols, polyphenols, and anilines) and even certain inorganic compounds. Therefore, MCOs are an excellent tool for the biodegradation process of toxic pollutants, e.g. synthetic dyes (Desai & Nityanand, 2011; Jasińska et al., 2016) .
Approximately 2.8 × 10 5 tons of dyes that are produced each year are lost in the effluents and can lead to water eutrophication and disruption of the circulation of biogenic elements, and adversely affect organisms at all levels of the trophic chain (Jasińska et al., 2016; Paz et al., 2017) . The most frequently used physical and chemical methods of dye elimination are associated with environmental and economic limitations. An alternative solution is to use biological methods. Therefore, there is a need for a good strategy of searching for new microorganisms producing these enzymes and increasing the productivity of biocatalysts. Given the difficulties in expressing these enzymes heterologously, optimization of the fermentation medium and application of inducers are used to achieve the MCOs overproduction. The most crucial parameters are sugar and nitrogen sources, their concentration, C/N ratio and supplementation with inducers, e.g. copper or xylidine. These parameters are species-specific and thus cannot be extrapolated to other species (Gupta et al., 2015) . The high cost associated with enzyme purification is a drawback of this technology. However, the use of a crude enzyme would greatly reduce the cost of operation. In many cases, crude enzymes are more stable in various environmental conditions because of the protective role of other companion molecules (Levin et al., 2008) .
In this study, we propose a method to enhance the laccase-like MCOs (LMCOs) production using an ascomycetous strain of Myrothecium roridum, whose biocatalytic potential we had previously described (Jasińska et al., 2012; Jasińska et al., 2013; Jasińska et al., 2015) . The enzymes were purified, identified with the use of mass spectrometry, and applied in elimination of dyes belonging to different chemical groups. The influence of inorganic ions and organic compounds, frequently present in the dye-loaded wastewater, on the decolorization activity of the enzymes was also established. An in-gel decolorizing potential screening with the use of Native-PAGE, protein extraction and molecular weight determination via SDS-PAGE was used to confirm one of the LMCOs as the major decolorizer of dyes.
MATERIALS AND METHODS
Chemicals and the fungal strain. 2,2-azinobis-3-ethylbenzothiazolin-6-sulfonic acid (ABTS), 2,6-dimethoxyphenol (DMP), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEM-PO), 4-hydroxybenzoic acid, caffeic acid, catechol, vanillin, bilirubin and guaiacol were purchased from SigmaAldrich (USA). The dyes used in the induction and decolorization studies were purchased from Sigma-Aldrich or kindly supplied by Boruta-Zachem Kolor Co. (Poland). Remaining chemicals were from Promega (USA), Serva (Germany), Bio-Rad (USA) and POCh (Gliwice, Poland). Filamentous fungus M. roridum IM 6482 was isolated on ZT plates from soil samples collected around a textile dyeing factory. The strain was identified by molecular techniques (Jasińska et al., 2012) and preserved on Epub: No 2017_2546 Vol. 65, 2018 https://doi.org/10.18388/abp.2017_2546
ZT slants at 4°C in the strain collection of the Department of Industrial Microbiology and Biotechnology, University of Lodz (Poland). LMCOs production enhancement. M. roridum IM 6482 was cultivated at 28°C in 100 ml Erlenmeyer flasks containing 18 ml of liquid medium inoculated with 2 ml of a homogenous second-step preculture (24 h-old) prepared in a liquid WHI medium. Cultivation parameters were optimized with a conventional "one-factorat-a-time" methodology to obtain maximum laccase-like enzymes' production. The medium used for the enzyme production contained (in g/L) K 2 HPO 4 -1.00, MgSO 4 -0.50, KCl -0.50 and FeSO 4 -0.01, as well as one of the above-mentioned carbon and nitrogen sources . To determine the influence of the carbon source and concentration, a medium containing 7.50, 15.00 or 30.00 g/L of glucose or sucrose was used. Further experiments were performed with the use of a medium with 0.75% sucrose, along with sodium nitrate or yeast extract (0.50 or 3.00 g/L). An optimized medium was used for the study of the inducers' impact on laccase-like enzyme production. Heavy metals, aromatic compounds and dyes were suspended in deionized water and sterilized by filtration before use. At appropriate time intervals, the cultures were centrifuged at 3500 × g for 15 min, and laccase activity, expressed as ABTS oxidation, was determined spectrophotometrically according to the method described earlier by Eggert et al. (1996) , with slight modifications.
Proteins precipitation, purification and identification by mass spectrometry. Crude fungal culture was centrifuged, and the obtained filtrate was used for the protein precipitation. Solid ammonium sulfate was slowly added to the crude extract to give 80% saturation, and the solution was stirred gently for at least 1 hour at 4°C and then left to stand overnight. The precipitate was collected and dissolved in a 50 mM potassium phosphate buffer (pH 7.2). The protein solution was desalted and concentrated by ultrafiltration with 10 kDa cutoff (Ultra-15, Amicon, Bedford, MA, USA). Protein concentration was determined using the BCA method (according to the Pierce™ BCA Protein Assay Kit protocol).
Concentrated proteins were applied at 5 ml min −1 on a HiTrap DEAE column (5 mL) pre-equilibrated with 50 mM potassium phosphate buffer (pH 7.2). Adsorbed proteins were sequentially eluted with 0.1, 0.25, 0.5, 0.75, and 1 M NaCl in a potassium phosphate buffer. The laccase activity and the total protein content of all fractions were determined. The fractions with laccase activity were pooled, concentrated by ultrafiltration with 10 kDa cutoff (Ultra-0.5, Amicon, Bedford, MA, USA) and stored at 4ºC for further use. For molecular mass determination, a standard SDS-PAGE procedure was used (Soboń et al., 2016) . The gel was calibrated with the molecular mass marker in the range of 6 500-200 000 Da (SigmaAldrich, Germany) and stained with Coomassie blue.
Protein digestion was performed according to the procedure described by Szewczyk and coworkers (2015) . Selected protein bands were cut, undyed and the proteins were reduced and acylated. Then, the proteins were digested overnight at 37°C using trypsin (Promega, USA). The obtained peptides were extracted twice using 30 µL of 0.1% trifluoroacetic acid solution in 2% acetonitrile on a rotary shaker, evaporated to dryness and stored at 4°C. Before analysis, the dry extract was resuspended in 10 µL of a peptide extraction solution. An AB Sciex 5800 TOF/TOF instrument (AB Sciex, USA) was used for data acquisition. The samples were placed on the MALDI plate three times to cover selection of the 15 strongest precursors for an MS/MS analysis. All of the instrument parameters used for analysis were described by Szewczyk and coworkers (2015) . The Protein Pilot v4.0 software (AB Sciex), coupled with the MASCOT search engine v 2.3, was used for database searches. The data were searched against the NCBI database using a few filtering sets: fungi (8 156 643 sequences), fungal laccases (5 985 sequences) and fungal oxidases (92 935 sequences). The identified and unidentified proteins were further processed using a BLAST search against the NCBI non-redundant protein sequences (83 141 305), using the DELTA-BLAST algorithm.
Decolorization studies. Decolorization experiments were performed in 96-well plates using a reaction mixture containing 50 mM potassium phosphate buffer (pH 7.2), crude enzymes with laccase activity toward ABTS at 1 U/mL, various concentrations of the dye (10-200 mg/L) and vanillin (25-1000 µM). A decrease in the maximum absorbance of the dye was monitored to determine its elimination. Decolorization percentage (DP) was calculated according to the formula: DP[%]=[100 × (A 0 −A t / A 0 )], where A 0 and A t are the initial absorbance of the reaction mixture and the absorbance after incubation time, respectively.
Dye decolorizing enzyme identification. Non-denaturing (Native-PAGE) electrophoresis was performed on a 10% mini gel prepared according to the procedure described in the manufacturer's instructions (Mini-PRO-TEAN Tetra Cell; Bio-Rad, USA). The samples (containing 10 µg of proteins) were mixed with a Laemmli Sample Native Buffer (Bio-Rad, USA) at the ratio of 1:1 (v/v), and loaded on the gel without thermal denaturation. Electrophoresis was conducted at 150 V until the dye front reached the bottom level. The gel was cut and stained with ABTS (2.5 mM), bilirubin (10 µM) or Indigo Carmine (50 mg/L, with 1 mM vanillin) solution. When decolorized bands appeared, they were cut out and overnight protein extraction with phosphate buffer (pH 7.2) was conducted. The obtained proteins were concentrated using Amicon Ultra 0.5 mL filters (Merck Millipore) and a standard SDS-PAGE procedure was used for molecular mass determination.
Statistical analysis. Experiments were performed in triplicate. A one-way variance analysis was used to determine the significance of the differences between the samples. All of the statistical analyses were performed using Excel 2007 (Microsoft Corporation, USA). The readings were considered to be significant when p was ≤0.05.
RESULTS

Enhancement of LMCOs production
The carbon (glucose or sucrose) and nitrogen (sodium nitrate or yeast extract) sources, as well as inducer supplementation were tested to improve the laccase-like enzyme production. At appropriate time intervals for each experiment, the laccase activity was measured with the use of ABTS as a substrate. The fungus produced the LMCOs enzymes on both carbon sources (Fig. 1) ; however, glucose yielded the highest laccase-like enzyme production within 144 hours of cultivation (which corresponded to the end of the stationary phase of growth). Production of the enzyme reached its maximum level when 7.50 g/L of glucose was used. At higher glucose concentrations, the enzyme production decreased. The effect of organic (yeast extract) and inorganic (sodium nitrate) nitrogen sources on LMCOs production by M. roridum IM 6482 when grown with 7.50 g/L glucose was assessed (Fig. 2) . Optimal enzyme production (298 U/L) was achieved when using a yeast extract (3.00 g/L) as the only N-source. Although production was similar to that achieved in a medium containing NaNO 3 , the enzyme was synthesized faster, and the highest activity was achieved within 48 hours of cultivation. As presented in Table 1 , addition of copper ions to the growth medium enhanced laccase production from 287.93 U/L to 2134.44 U/L. The other heavy metals tested decreased the enzyme secretion, probably by suppressing fungal growth. A screening of several exogenous aromatic compounds for their effect on M. roridum laccase induction indicated guaiacol (20 mM) as the most significant inducer, which enhanced the enzyme production by up to two-folds. In the presence of dyes at the initial concentration of 10 mg/L, suppression of laccases synthesis was observed.
Laccase-like enzyme purification and identification
LMCOs were purified from ammonium sulfate precipitated proteins. After ion-exchange chromatography, two fractions with laccase activity, annotated as LMCO1 and LMCO2, were obtained. The proteins had molecular masses of 46.7 and 66.3 kDa, respectively (Fig. 3) . Each of them exhibited a single band on SDS-PAGE, suggesting a homogenous form. Specific activity of LMCO1 was 14.65, and of LMCO2 it was 128.58U mg -1 , when estimated with ABTS as the substrate (Table 2) . To identify the obtained proteins, an in-gel digestion procedure, and a MALDI-TOF/TOF analysis were then performed. For both purified proteins, the characteristic peptide sequences (KGGEWTINGVTFADVENR, TLWYHDHAMHITAENAYR, FINNAEAPNSVHL-HGSFSR, APFDGWAEDVTNPGEFK) were obtained for several enzymes, such as MCOs from Macrophomina phaseolina MS6, and bilirubin oxidase from Myrothecium verrucaria and Magnaporthe oryzae (Table 3) . Delta-BLAST analysis showed that LMCO1, as well as LMCO2, belong to the cupredoxin superfamily. Histidine-rich amino acid sequences that are typical for MCOs were found. The mass spectra of the M. roridum LMOCs are presented in Supporting information (Supporting information Suplementary Fig. S1 at www.actabp.pl).
Decolorization study
Dye decolorization by crude M. roridum LMCOs
In this step of the study, the dye decolorizing ability of crude LMCOs from M. roridum fungus was screened toward four groups of dyes: indigoid, anthraquinone, azo and phthalocyanine, added at the concentrations of 10 or 50 mg/L. Dyes tested in the study were decolorized to varying degrees. Surprisingly, the highest decolorization was obtained for Indigo carmine, which is not a typical phenol substrate of laccase. After 48 hours of incubation with the crude enzyme (with the activity toward ABTS at 1 U/mL), decolorization of the dye at the concentrations of 10 and 50 mg/L reached78.8 and 47.1%, respectively (Fig. 4) . Direct blue 86 and Acid orange 7, belonging to phthalocyanine and azo dyes, were also decolorized to an extent higher than 15% at both concentrations tested. The use of vanillin allowed obtaining an Indigo carmine decolorization reaching above 65% within 3 hours of incubation. At the same time, removal of the dye from the solution without any mediators, reached only 30%. Decolorization of Indigo carmine was strongly affected by the vanillin concentration (Fig. 5A ). Higher concentrations of the mediator provided higher decolorization percentages. The maximum decolorization (95%) of Indigo carmine was reached after 3 hour incubation with 1000 µM vanillin. After 24 hours of incubation, and in the absence of the mediator, the dye was decolorized in only 47%, whereas in the presence of all tested vanillin concentrations the dye was decolorized almost completely. Moreover, the use of vanillin as a mediator allowed an increase in the concentration of the dye (Fig. 5B) . In the presence of 1000 µM vanillin, as much as 200 mg/L Indigo carmine could be decolorized up to 98% within 8 hours.
Dye decolorization in the presence of metals, chloride, surfactants and organic solvents
The influence of four different surfactants (two ionic and two non-ionic) on Indigo carmine elimination by crude M. roridum LMCOs was studied. Non-ionic surfactants, such as Triton X-100 and Tween 80, did not affect the Indigo carmine elimination (Fig. 6) . The level of decolorization after 3 hours of incubation was similar to that determined for controls (98%) and achieved at 93 and 97%, respectively. In the presence of cationic surfactant (SDS) and anionic CTAB, an inhibitory effect was seen. Indigo carmine removal was not influenced by any of the tested inorganic compounds. Indigo carmine decolorization by crude LMCOs from M. roridum in the presence of NaCl was not significantly affected. The enzyme was active and decolorized the dye in the presence of ethyl and methyl alcohol.
Dye decolorizing protein identification
Native-PAGE and an in situ staining of the activity using ABTS showed two protein bands characterized by activity towards ABTS. However, only one of them had the ability to oxidize bilirubin, as well as decolorize Indigo carmine (Fig. 7A ). This protein was extracted and used for molecular weight inspection by SDS-PAGE (Fig. 7B) . SDS-PAGE showed the presence of the protein with a molecular weight of approximately 70 kDa, which corresponds to results obtained for LMCO2 identified earlier (as shown on Fig 3) .
DISCUSSION
Most of the fungal extracellular MCOs, including laccases, are constitutively produced in small amounts. However, an increased production of these enzymes due to changes in operational parameters and media optimization has been already reported (Piscitelli et al., 2011; Gupta et al., 2015) . Our preliminary shake flask cultures, using a commercial Czapek-Dox medium, showed the ability of M. roridum IM 6482 to produce a slight amount (0.74 U/L) of the enzyme with laccase activity (Jasińska et al., 2012) . Hence, it was suggested to modify the culture conditions to increase production of the laccase-like enzymes. The carbon and nitrogen sources, as well as inducer supplementation, were tested to improve the enzyme production. The production of the laccase-like enzyme reached its maximum level when 7.50 g/L of glucose and 3.00 g/L of yeast extract were used. At higher glucose concentrations, the enzyme production decreased. According to Galhaup and Haltrich (2001) , when using glucose as a carbon source, Trametes pubescens laccase formation starts only when this substrate is almost completely depleted from the medium. Low glucose content in the medium could be beneficial by preventing catabolic repression, which is often observed for extracellular enzyme production (Galhaup et al., 2002) . Both, the nature and concentration of the nitrogen source used for cultivation, are reported to be of considerable importance for laccase-like enzyme production (Majeau et al., 2010) . However, changes in the laccase activity in response to the nitrogen concentration are a controversial issue because examples of increased activity have been described under limiting and non-limiting conditions (Piscitelli et al., 2011) . According to Sivakumar and coworkers (2010) , inorganic nitrogen sources lead to low levels of laccase with sufficient biomass production, while organic nitrogen sources yield high laccase levels with good fungal growth. In our study, the laccase-like enzyme production in the presence of yeast extract was similar to that achieved in a medium containing NaNO 3 , but the enzyme was synthesized faster, and the highest activity was achieved within 48 hours of cultivation instead of 144 hours. Hou and coworkers (2004) also demonstrated peptone and yeast extract to be the most suitable nitrogen sources for the laccase production by Pleurotus ostreatus strain 32, in comparison with urea, ammonium sulfate, and ammonium tartrate. Similarly, replacement of ammonium sulfate by yeast extract led to a 5.7-fold increase in P. ostreatus Pl 22 Em laccase activity (Karp et al., 2015) .
Because obtaining MCOs by recombinant expression of genes is relatively expensive for the demands of industrial applications, the development of environmentally-friendly and cost-effective methods for the production of laccase with high efficiency is a top priority. MCOs are coppercontaining proteins, so copper supplementation as a micronutrient in the culture medium has been reported to enhance the enzyme production in many fungi (Chen et al., 2003) . Different studies have shown that copper-induced laccase production is regulated by gene expression induction or through translational or post-translational regulation. Copper has been reported to be a strong inducer of MCOs produced by the species of Trametes versicolor, T. hirsuta, T. trogii, and Aspergillus flavus (Gomaa et al., 2015; Vasina et al., 2015; Campos et al., 2016) . In our study, addition of copper ions (at 1 mM) to the growth medium enhanced laccase production by more than 7-times. Copper ions can not only induce laccase production by the expression of laccase genes in P. ostreatus CCBAS-447, but they can also positively influence the activity and stability of the enzyme (Baldrian & Gabriel, 2002) . Palmieri and coworkers (2001) described a significant suppression of an extracellular protease in the presence of 1 mM Cu. This might explain a higher positive effect of Cu on the laccase stability. Also, phenolic and aromatic compounds, structurally related to lignin or lignin derivatives, are routinely added to fungal cultures to increase the laccase production. M. roridum IM 6482 is a plant pathogen, so the laccase induction by phenolic substances may represent a response developed by the fungi against the phenolic intermediates of lignin degradation (Piscitelli et al., 2011) . A laccase stimulatory effect of guaiacol has been found in Phlebia spp. and P. ostreatus (Hou et al., 2004) . According to Piscitelli and coworkers (2011) , induction of the aromatic compounds has been found to occur at the transcriptional level, differing not only among the various fungi but also among the different isoenzymes of the same organism. The M. roridum laccase-like enzymes were significantly induced by guaiacol (20 mM), which enhanced the enzyme production by up to two-folds. Significant laccase induction for the unidentified fungal strain MTTC 5159 has been achieved using a medium containing one of the three synthetic dyes -brilliant green, blue aniline or Congo red (D'Souza et al., 2006) . But in our study, suppression of laccase synthesis was observed in the presence of dyes at the initial concentration of 10 mg/L. This could have been caused by high toxicity of these compounds.
To identify the laccase-like enzymes of M. roridum, the extracellular proteins precipitated using ammonium sulfate were purified by ion-exchange chromatography. Two fractions with laccase activity, annotated as LMCO1 and LMCO2, were obtained and had molecular masses of 46.7 and 66.3 kDa, respectively. The protein bands were ingel digested and a MALDI-TOF/TOF analysis was then performed. However, the purified proteins could not be clearly identified due the fact that characteristic peptide sequences were obtained for several enzymes, such as MCOs from Macrophomina phaseolina MS6, and bilirubin oxidase from Myrothecium verrucaria and Magnaporthe oryzae. Recently, several novel enzymes with properties typical for laccase (e.g., structure and substrate specificity) could not be classified as laccases due to their low sequence homology and differences in the amino acid sequence composition of the copper binding site (Beloqui et al., 2006) . Many problems are often caused during the process of enzyme identification whose amino acid sequences are not known or which have not been deposited in the databases. Moreover, the broad substrate specificity of MCOs and overlapping oxidation activity hamper classification. Reiss et al. (2013) identified, characterized and classified a new CotAtype enzyme from Bacillus pumilus as a laccase. Durand et al. (2012) also studied the B. pumilus enzyme and found a 98% sequence identity to this CotA-type enzyme but assigned it as a bilirubin oxidase. Similarly, the Bacillus subtilis endospore component CotA, which has a relatively high (19.7 to 22.4%) amino acid sequence identity with MCOs and the crystal structure of a protein, was identified as a laccase (Martins et al., 2002) . Notably, when the cotA gene was expressed in Escherichia coli, it was found that in addition to the previously identified laccase activity, the enzyme also displayed a strong bilirubin oxidase activity (Sakasegawa et al., 2006) . However, in our study the Delta-BLAST analysis showed that LMCO1, as well as LMCO2, belong to the cupredoxin superfamily. Also, histidine-rich amino acid sequences typical for MCOs were found. Sakurai and Kataoka (2007) stated that it is very difficult to exactly define what a "true" laccase is and proposed to introduce the term "laccase-like MCOs" (LMCOs). Thus, we decided that use of this term is more appropriate in the case of M. roridum enzymes. Recently, enzymes with a laccase activity isolated from different Myrothecium verrucaria strains have been identified as bands with a molecular mass of 62 or 66 kDa (Sulistyaningdyah et al., 2004; Zhao et al., 2012) . However, in this study, LMCOs from the species of M. roridum were characterized for the first time.
Microbial laccases are potential tools for biological strategies in the elimination of synthetic dyes (Xu et al., 2016) . Approaches applying crude enzymes can greatly reduce the cost of such process operation. Decolorization of the triphenylmethane dye, i.e. Malachite green, by M. roridum has been previously described (Jasińska et al., 2012 (Jasińska et al., , 2015 . The dye elimination was due to the action of a laccase-like enzyme and low molecular weight factors. In our study, crude enzymes of M. roridum were used for the removal of different dyes (belonging to an indigoid, anthraquinone, azo and phthalocyanine class) from an aqueous solution. The dyes tested in this study were decolorized to varying degrees and the highest decolorization was obtained for Indigo carmine. Indigo colorants that are durable upon exposure to heating, sunlight and extreme pH, are largely used to dye the denim fabric. Indigo carmine is considered as a highly toxic indigoid class of dye and contact with this substance can cause skin and eye irritation in humans. It can also cause permanent injury to the cornea and conjunctiva (Dogdu & Yalcuk, 2016) . Therefore, very large amounts of indigo dye-containing wastewater, especially the textile effluent, must be treated before being discharged into the environment. Recently, several other authors have also reported decolorization of Indigo carmine. However, these studies have been mainly concerned with physicochemical methods of dye elimination, as well as the use of bacterial or basidiomycetous laccases (Ahmed et al., 2017; Paz et al., 2017) .
Some dyes are not suitable substrates for the laccasemediated degradation and their degradation depends on the presence of chemical compounds called mediators. Thus, to accelerate the dye elimination, a natural mediator -vanillin was used. Li and coworkers (2014) studied mediator assisted decolorization of Indigo carmine by crude laccase derived from Trametes sp. SYBC-L4. After 36 hours of incubation with a synthetic mediator (hydroxybenzotriazole (HBT)), 99% of Indigo carmine (100 mg/L) was decolorized. Vanillin has been reported as a suitable laccase mediator in the decolorization of dyes and pesticide degradation (Camarero et al., 2005; Jin et al., 2016) . The high costs of some synthetic mediators and their potential toxic and harmful character mean that the laccase systems mediated by natural compounds could be an eco-friendly solution. The decolorization of Indigo carmine was strongly affected by the vanillin concentration. Moreover, the use of this mediator allowed an increase in the concentration of the dye. In the presence of 1000 µM vanillin, as much as 200 mg/L of Indigo carmine were completely decolorized within 8 hours. Similar results were obtained by Lu and coworkers (2016) using a crude laccase from Ganoderma sp. En3. However, that enzyme decolorized 90% of Indigo carmine at a concentration of 200 mg/L within 30 hours.
Depending on the dyeing process, many chemicals, e.g. metals, salts, organic solvents and surfactants, may be added to improve dye adsorption onto fibers (Sarayu & Sandhya, 2012) . Thus, improved tolerance to these compounds is an enviable quality for laccase application in organic chemistry. In the present study, Indigo carmine was efficiently removed from a solution containing metals, surfactants and organic solvents. The tested non-ionic surfactants and inorganic compounds (e.g. NaCl, metal ions) did not affect the Indigo carmine elimination. On the contrary, NaCl and heavy metal ions significantly inhibited the efficiency of dye decolorization by laccases from Ganoderma lucidum, Trametes sp. and Trametes trogii (Manel et al., 2009; Zilly et al., 2011) , even at low concentrations. The LMCOs produced by M. roridum were also active and decolorized Indigo carmine in the presence of the ethyl and methyl alcohol. Only the cationic surfactant (SDS) and anionic CTAB demonstrated an inhibitory effect, which may be due to the inhibition of the enzyme activity. These results revealed that crude laccase from M. roridum is active and efficiently decolorizes dyes, even in the presence of chemicals recognized as enzyme inhibitors which are commonly found in the textile wastewater (Zilly et al., 2011) .
Because in our study a crude extract of M. roridum extracellular proteins has been used for decolorization, in the next stage it was necessary to verify whether the enzymes responsible for the decolorization of dyes are actually LMCOs. For this purpose Native-PAGE and an in situ staining of the activity using ABTS, bilirubin and Indigo carmine were conducted. Only one protein with ABTS and bilirubin oxidizing activity demonstrated the Indigo carmine in-gel decolorization. Extraction of the protein from this decolorized band and SDS-PAGE confirmed that only the enzyme annotated earlier as LMCO2 was responsible for the dye removal. Protein extraction from decolorized bands after dye staining was used for dye decolorizing protein identification for the first time. So far, in-gel assessment of the activity and decolorizing potential of only some laccase had been performed (Murugesan et al., 2007; Iracheta-Cárdenas et al., 2016) .
In conclusion, production of two M. roridum LMCOs was demonstrated. Proteins annotated as LMCO1 and LMCO2 were identified by mass spectrometry and had molecular masses of about 44.6 and 66.3 kDa, respectively. Production of these enzymes was enhanced by almost 10-folds and their decolorizing potential was characterized for the first time. M. roridum MCOs eliminated Indigo carmine within 4 hours, especially in the presence of vanillin, and even in the presence of metal ions, chloride, surfactants and organic solvents. A novel method for the identification of the enzymes used in this study allowed to point to LMCO2 as the major dye decolorizing enzyme.
